Kawada T, Sata Y, Shimizu S, Turner MJ, Fukumitsu M, Sugimachi M. Effects of tempol on baroreflex neural arc versus peripheral arc in normotensive and spontaneously hypertensive rats. Am J Physiol Regul Integr Comp Physiol 308: R957-R964, 2015. First published March 25, 2015 doi:10.1152/ajpregu.00525.2014.-Although oxidative redox signaling affects arterial pressure (AP) regulation via modulation of vascular tone and sympathetic nerve activity (SNA), it remains unknown which effect plays a dominant role in the determination of AP in vivo. Open-loop systems analysis of the carotid sinus baroreflex was conducted to separately quantify characteristics of the neural arc from baroreceptor pressure input to SNA and the peripheral arc from SNA to AP in normotensive Wistar-Kyoto (WKY; n ϭ 8) and spontaneously hypertensive rats (SHR; n ϭ 8). Responses in SNA and AP to a staircase-wise increase in carotid sinus pressure were examined before and during intravenous administration of the membrane-permeable superoxide dismutase mimetic tempol (30 mg/kg bolus followed by 30 mg·kg Ϫ1 ·h Ϫ1 ). Two-way ANOVA indicated that tempol significantly decreased the response range of SNA (from 89.1 Ϯ 2.4% to 60.7 Ϯ 2.5% in WKY and from 77.5 Ϯ 3.2% to 56.9 Ϯ 7.3% in SHR, P Ͻ 0.001) without affecting the lower plateau of SNA (from 12.5 Ϯ 2.4% to 9.5 Ϯ 2.5% in WKY, and from 28.8 Ϯ 2.8% to 30.4 Ϯ 5.7% in SHR, P ϭ 0.800) in the neural arc. While tempol did not affect the peripheral arc characteristics in WKY, it yielded a downward change in the regression line of AP vs. SNA in SHR. In conclusion, oxidative redox signaling plays an important role, not only in the pathological AP elevation, but also in the baroreflex-mediated physiological AP regulation. The effect of modulating oxidative redox signaling on the peripheral arc contributed to the determination of AP in SHR but not in WKY.
carotid sinus baroreflex; open-loop analysis; sympathetic nerve activity; equilibrium diagram OXIDATIVE REDOX SIGNALING is considered to play an important role in the pathogenesis of hypertension via various effects on both the vasculature and the sympathetic nervous system. ANG II stimulates NADH/NADPH oxidase activity in cultured vascular smooth muscle cells and increases superoxide anion production (6, 29) . In spontaneously hypertensive rats (SHR), the production of superoxide anion is elevated in aortic vessels, and the application of tempol (2,2,6,6-tetramethyl-4-piperidinol-N-oxyl), a membrane-permeable superoxide dismutase mimetic, acutely reduces the production of superoxide anion to a level similar to that observed in normotensive Wistar-Kyoto (WKY) rats (26) . Perfusion with tempol attenuates the ANG II-induced vasoconstrictor response of the mesenteric vascular bed in SHR (25) . The neural effect of oxidative redox signaling also involves NADH/NADPH oxidase-derived reactive oxygen species, which may play an important role in the sympathoexcitation induced by central ANG II administration (4) . Systemic administration of tempol acutely reduces sympathetic nerve activity (SNA) and arterial pressure (AP) in both WKY and SHR, but to a greater degree in SHR (26) . Microinjection of tempol into the rostral ventrolateral medulla (RVLM) acutely decreases AP in stroke-prone SHR but not in WKY (13) . The interplay between reactive oxygen species and nitric oxide in the brain stem may determine the level of sympathetic outflow from the central nervous system (7) . However, whether the neural or vascular effects contribute more significantly to the determination of AP when oxidative redox signaling is modulated in vivo remains unanswered.
It is difficult to separately evaluate the neural and vascular effects induced by the modulation of oxidative redox signaling on AP. In vitro studies do not usually allow the measurement of AP changes induced by a given intervention. In contrast, in vivo studies can provide information on absolute AP changes in response to an intervention of interest. However, because most in vivo studies are conducted under baroreflex closedloop conditions, changes in SNA inevitably alter AP, and vice versa. To circumvent this problem, the present study employed a framework of open-loop systems analysis using a baroreceptor isolation preparation (23, 27) . The arterial baroreflex system may be divided into the neural arc subsystem from pressure input to efferent SNA and the peripheral arc subsystem from SNA to AP (8, 17, 22) . Using this framework, we hypothesized that the neural and vascular effects induced by the modulation of oxidative redox signaling may be quantified as changes in the neural and peripheral arc characteristics, respectively. WKY and SHR were investigated in the present study due to increased oxidative redox signaling being causally involved with this hypertensive phenotype (15) , while this is not necessarily the case in all models of hypertension (14) . The present study aimed to examine the effects of systemic administration of tempol on the neural and peripheral arcs in WKY and SHR, thereby elucidating the relative importance of the neural and vascular effects in determining AP during the modulation of oxidative redox signaling.
MATERIALS AND METHODS
Animals were cared for in strict accordance with the Guiding Principles for the Care and Use of Animals in the Field of Physiological Sciences, approved by the Physiological Society of Japan. All protocols were reviewed and approved by the Animal Subject Committee of National Cerebral and Cardiovascular Center.
Surgical preparation. The main protocol was performed in male WKY (n ϭ 8; 379 Ϯ 26 g, 22 Ϯ 6 wk of age) and SHR (n ϭ 8; 317 Ϯ 12 g, 12 Ϯ 1 wk of age). A supplemental protocol was performed in male WKY (n ϭ 6; 370 Ϯ 18 g, 15 Ϯ 2 wk of age). Each rat was anesthetized with an intraperitoneal injection (2 ml/kg) of a mixture of urethane (250 mg/ml) and ␣-chloralose (40 mg/ml) and mechanically ventilated with oxygen-enriched room air. A venous catheter was inserted into the right femoral vein for administering a maintenance dose of the above anesthetic mixture. An arterial catheter was inserted into the right femoral artery to measure AP and heart rate (HR). Another venous catheter was inserted into the left femoral vein for drug infusion. A heating pad and a lamp were used to maintain body temperature of the animal at ϳ38°C.
Postganglionic SNA was recorded from a branch of the splanchnic nerve, according to a previously described procedure (9 -11) . The splanchnic nerve was chosen because the splanchnic vascular bed contributes significantly to changes in total vascular conductance (20) . A preamplified nerve signal was band-pass filtered at 150-1,000 Hz, and then full-wave rectified and low-pass filtered with a cut-off frequency of 30 Hz using analog circuits to quantify SNA. At the end of the experiment, a ganglionic blocker hexamethonium bromide (60 mg/kg bolus) was given intravenously to confirm the disappearance of SNA and to measure the noise level.
Vagal and aortic depressor nerves were sectioned bilaterally at the neck to avoid reflexes from the cardiopulmonary region and aortic arch. Carotid sinus baroreceptor regions were isolated bilaterally from the systemic circulation (23, 27) , and carotid sinus pressure (CSP) was controlled using a servo-controlled piston pump. Heparin sodium (100 U/kg) was given intravenously to prevent blood coagulation.
Protocol. A staircase-wise input protocol was used to estimate open-loop static characteristics of the carotid sinus baroreflex (1, 9, 10, 19, 22, 28) . CSP was first set at 60 mmHg for 4 to 6 min, and then increased from 60 to 180 mmHg in WKY or from 60 to 220 mmHg in SHR every minute in increments of 20 mmHg.
In the main protocol, after obtaining control data, tempol was intravenously administered via a bolus injection (30 mg/kg) followed by a continuous infusion (30 mg·kg Ϫ1 ·h Ϫ1 ). The bolus dose was determined on the basis of a previous study (26) in which this dose effectively reduced renal SNA and AP under baroreflex closed-loop conditions in WKY and SHR. Following the injection of tempol, the first sequence of the staircase-wise input was not used for data analysis, and the data obtained during the second sequence of the staircase-wise input were used to examine the effects of tempol at a new steady state.
In the supplemental protocol, the effect of 3-carbamoylproxyl (3-CP), which is structurally similar to tempol, but has a lower superoxide-scavenging capacity, was examined first (16) . After obtaining control data, 3-CP was administered in a similar manner to the main protocol described above (30 mg/kg bolus followed by 30 mg·kg Ϫ1 ·h Ϫ1 ). The data obtained during the second sequence of the staircase-wise input were used to examine the effects of 3-CP. Thereafter, the infusion of 3-CP was ceased, and the effect of tempol administration (30 mg/kg bolus followed by 30 mg·kg Ϫ1 ·h Ϫ1 ) was examined.
Data analysis. Data were digitized at 200 or 1,000 Hz using a 16-bit analog-to-digital converter. Responses in SNA, AP, and HR at each CSP level were calculated by averaging the data for the last 10 s of the step duration. After the hexamethonium administration, the noise level of SNA was averaged for 10 s and defined as zero. Because the absolute amplitude of SNA varied among animals depending on recording conditions, SNA was normalized in each animal, so that the SNA value at the CSP level of 60 mmHg became 100% under control conditions.
The total reflex arc (the CSP-AP relation) was quantified in each animal by using a four-parameter logistic function as follows (12) .
where y denotes the output value, P 1 is the response range of y, P2 is the slope coefficient, P3 is the midpoint input pressure of the sigmoid curve, and P4 is the lower plateau of y. The maximum gain or the maximum slope (Gmax) was obtained from P1 ϫ P2/4. The neural arc (the CSP-SNA relation) and the baroreflex HR control (the CSP-HR relation) were also quantified by using the four-parameter logistic function, as described above.
The peripheral arc (the SNA-AP relation) approximated a straight line and was analyzed by linear regression analysis in each animal as follows:
Statistical analysis. All data are presented as means Ϯ SE values. In the main protocol, parameters were compared by two-way ANOVA with repeated measures on one factor (the effect of tempol) (5). The other factor was the animal group (WKY vs. SHR). Additionally, the regression lines on the mean data points of AP vs. SNA were compared between two conditions: before and during the tempol administration within each of the WKY and SHR groups. First, the difference in the slope was tested, allowing for a different intercept for the regression line. Then, if the slope were not significantly different, the common slope was calculated, and the mean of the regression line, adjusted for the common slope, was compared. In the supplemental protocol, parameters were compared by repeated-measures one-way ANOVA with post hoc Dunnett's test. Differences were considered significant at P Ͻ 0.05.
RESULTS
Group-averaged time series of CSP, SNA, AP, and HR are shown in Fig. 1 . The CSP, AP, and HR signals are displayed as 10-Hz resampled data. The SNA signal is displayed as 2-s moving averaged data after 10-Hz resampling. The black and gray lines indicate means and SE values, respectively. An increase in CSP decreased SNA, AP, and HR in both WKY and SHR. The maximum SNA, AP, and HR were lower during the tempol administration compared with the control conditions.
Results of the two-way ANOVA are summarized in Table 1 . Figure 2 illustrates the input-output relationships of the total reflex arc and the baroreflex-mediated HR control. In the total reflex arc (Fig. 2, A and B) , the response range was greater, the slope coefficient was smaller, and the midpoint input pressure and the lower plateau were higher in SHR than in WKY. The maximum gain of the total reflex arc did not differ significantly between WKY and SHR. Tempol reduced the response range and the maximum gain compared with the control conditions. In the HR control (Fig. 2, C and D) , the slope coefficient was smaller, and the midpoint input pressure and the lower plateau were higher in SHR than in WKY. Tempol reduced the response range of HR, the lower plateau of HR, and the maximum slope of the HR response compared with the control conditions. Figure 3 illustrates the input-output relationships of the baroreflex neural and peripheral arcs. In the neural arc (Fig. 3,  A and B) , the slope coefficient and the maximum slope were smaller, and the midpoint input pressure and the lower plateau of SNA were higher in SHR than in WKY. Tempol decreased the response range and the maximum slope compared with the control condition. A significant interaction in the two-way ANOVA indicates that the effect of tempol on the maximum slope was mainly attributable to the change in WKY. In the peripheral arc (Fig. 3, C and D) , the slope of the AP response to percent SNA was greater in SHR than in WKY. The intercept was not significantly different between WKY and SHR. Tempol did not significantly affect the slope or the intercept when analyzed by the two-way ANOVA. However, mean data points in SHR were slightly deviated toward lower AP during the tempol conditions relative to the control conditions (Fig. 3D) . When the regression lines on mean data points were compared before and during the tempol administration within the SHR group, the slope was not different (P ϭ 0.847), and the mean, adjusted for the common slope, was significantly lower (P Ͻ 0.001) by 8.4 Ϯ 2.0 mmHg during the tempol administration.
As shown in Fig. 4, A and B , the baroreflex equilibrium diagram is constructed by combining the neural arc (Fig. 3, A and B) and the peripheral arc (Fig. 3, C and D) on a pressure-SNA plane. The operating-point AP was estimated from the AP value at the intersection between the neural and peripheral arcs (horizontal arrows). The operating-point AP was significantly higher in SHR than in WKY, and tempol significantly reduced the operating-point AP (Table 1 ). In Fig. 4, C and D , the open bar indicates the operating-point AP under the control conditions (C), which corresponds to the conditions shown in dashed lines in Fig. 4, A and B . The solid bar in Fig. 4 , C and D, indicates the operating-point of AP when both the neural and peripheral effects of tempol were simulated (N&P), which corresponds to the conditions shown in solid lines in Fig. 4, A and B. The horizontal hatched bar and vertical hatched bar indicate the operating-point AP obtained by the neural effect alone (N) and the peripheral effect alone (P), respectively. The neural effect alone significantly reduced the operating-point AP to the level similar to the combined effects in WKY (Fig.  4C) . The percent reduction in the operating-point AP was 14.6 Ϯ 2.6% for N&P, 15.9 Ϯ 2.3% for N, and Ϫ0.93 Ϯ 1.45% for P, suggesting a negligible effect of tempol on the operating-point AP through the peripheral effect in WKY. In contrast, the operating-point AP was significantly reduced only when both the neural and peripheral effects were combined in SHR (Fig. 4D) , suggesting the importance of both the neural and peripheral arcs to explain the effect of tempol on the operating-point AP in SHR. The percent reduction in the Table 1 for comparison of parameters between WKY and SHR.
operating-point AP was 9.4 Ϯ 2.4% for N&P, 5.6 Ϯ 1.1% for N, and 3.2 Ϯ 2.6% for P in SHR.
The results of the supplemental protocol are summarized in Table 2 and Fig. 5 . The effects of 3-CP on the baroreflex parameters were not statistically significant. However, the effect of tempol on the parameters in the total reflex arc, baroreflex HR control, and neural arc were similar to those observed in the main protocol. Tempol did not affect the parameters of the peripheral arc.
DISCUSSION
The major findings of the present study are as follows. First, tempol decreased the response range and the maximum gain of the total reflex arc in both WKY and SHR. Second, tempol decreased the response range and the maximum slope of the neural arc in both WKY and SHR, indicating that oxidative redox signaling affected AP through the neural effect. Third, tempol decreased the peripheral arc in SHR alone, indicating that oxidative redox signaling affected AP through the vascular effect in SHR but not in WKY.
Effects of tempol on the neural arc versus the peripheral arc. Tempol reduced the response range of SNA not only in SHR but also in WKY (Fig. 3, A and B) . A reduction in the response range of SNA may be attributable to the superoxide scavenging ability of tempol because 3-CP did not significantly affect baroreflex parameters (Table 2) . While the reduction of renal SNA by intravenous tempol has been reported in both WKY and SHR (26) , oxidative stress is often discussed in association with the pathological sympathoexcitation observed in hypertension. For instance, microinjection of tempol into RVLM decreases AP in stroke-prone SHR but not in WKY (13) , highlighting the pathological significance of oxidative stress in the brain stem. When SNA was varied by changes in CSP, however, the suppression of SNA by tempol occurred in the low CSP range not only in SHR but also in WKY (Fig. 3, A and  B) . Therefore, it is likely that superoxide works as a signaling molecule in both WKY and SHR, and in SHR, there is an overproduction of superoxide leading to an increased level of signaling and sympathoexcitation.
The slope of the peripheral arc determined from the AP response to percent SNA was significantly greater in SHR than in WKY (Fig. 3, C and D, Table 1 ), which is in agreement with our previous study (21) . The two-way ANOVA did not show a significant effect of tempol on the slope or the intercept of the peripheral arc. However, when the data were analyzed within the SHR group, tempol reduced the mean of the regression line adjusted for the common slope of the SNA-AP relationship (Fig. 3D) . Because oxidative stress in the vasculature is increased in SHR compared with WKY (26), tempol might have exhibited a significant effect on the peripheral arc in SHR alone. Another factor that needs to be considered is hydrogen peroxide. Because tempol catalyzes the formation of hydrogen peroxide from superoxide, the relaxation of blood vessels could be partly mediated via the production of hydrogen Table 1 for comparison of parameters between WKY and SHR. The dotted and solid lines in C and D are regression lines on the mean data points in each condition. In D, the slope was not significantly different, and the mean of the regression line adjusted for the common slope was significantly lower during the tempol administration.
peroxide (3) . While changes in both the neural and peripheral arcs were necessary to explain the effect of tempol on the operating-point AP in SHR, the effect was calculated to be greater for the neural arc, indicating the relative importance of the changes in the neural arc.
Effects of tempol on baroreflex-mediated HR control. Because the vagi were sectioned in the present study, the HR response was induced mainly by changes in SNA. The decrease in the response range of HR during the tempol administration may be explained by the decrease in the response range of SNA (Table 1) . However, the decrease in the lower plateau of HR is not readily explainable by changes in SNA because the lower plateau of SNA was not significantly decreased by tempol. Possible mechanisms are as follows. Chen et al. (2) have demonstrated that tempol reduces AP and HR via activation of ATP-sensitive potassium (K ATP ) channels in addition to the interactions with the nitric oxide pathways. Activation of K ATP channels on sympathetic neurons may cause hyperpolarization and neural inhibition. For instance, norepinephrine release by field stimulation into the isolated right atrium is modulated by K ATP channel activators and inhibitors (18) . In addition, activation of K ATP channels directly affects pacemaker activity in the sinoatrial nodal cells and induces a negative chronotropic effect independently of SNA (24) .
Limitations. First, the experiment was performed under anesthetic conditions. Because anesthesia affects autonomic Fig. 4 . A and B: baroreflex equilibrium diagram constructed from the neural arc (Fig. 3, A and B) and the peripheral arc (Fig. 3, C and D) . The gray dotted curves and lines indicate the neural and peripheral arcs under the control conditions (CONT). The gray horizontal dotted line with an arrow indicates the operating-point AP determined from the intersection between the neural and peripheral arcs under the control conditions. The black curves and lines indicate the neural and peripheral arcs during the tempol administration (TMPO). The black horizontal line with an arrow indicates the operating-point AP during the tempol administration. C and D: operating-point AP was obtained under the control conditions (C), estimated by combined effects of tempol on the neural and peripheral arcs (N&P), estimated by the effect of tempol on the neural arc alone (N), and estimated by the effect of tempol on the peripheral arc alone (P). **P Ͻ 0.01 by repeated-measures ANOVA with post hoc Dunnett's test. tone, the results need to be carefully interpreted when extrapolating them to arterial baroreflex regulation under conscious conditions. Second, the comparisons of the neural and peripheral arcs between WKY and SHR depend on how SNA was normalized. In the present study, the SNA value at the CSP level of 60 mmHg was assigned to 100% in individual animals. When SNA was rescaled on the basis of the pressor response to exogenous phenylephrine in our previous study (21) , the response range of the neural arc became significantly greater in SHR than in WKY, and the slope of the peripheral arc did not differ between WKY and SHR. Although the rescaling of SNA affects the abscissa of the baroreflex equilibrium diagram, it does not affect the estimation of the operating-point AP because the ordinate is unchanged. Third, potential chronic effects of oxidative stress, such as those involving neural and vascular remodeling, could not be instantly reversed by the acute tempol administration and were not assessed in the present study. Fourth, because the vagi were sectioned, any effect of oxidative redox signaling mediated by the vagi could not be evaluated. Fifth, we did not quantify the level of oxidative stress in areas of the brain stem directly involved in the arterial baroreflex. Further studies are required to identify the precise mechanism of oxidative redox signaling in the arterial baroreflex. Finally, only changes in splanchnic SNA were examined in the present study. Because different sympathetic nerves can be differently regulated, examination of other sympathetic nerves such as cardiac and renal sympathetic nerves would be necessary to obtain a total picture of sympathetic AP regulation.
In summary, oxidative redox signaling plays an important role not only in pathological AP elevation but also in baroreflex-mediated physiological AP regulation. Because tempol did not affect the baroreflex peripheral arc in WKY, the reduction of the operating-point AP by tempol in WKY was explained chiefly by the reduction of SNA. In contrast, the reduction of the operating-point AP by tempol in SHR was a combined result of SNA suppression and a downward change in the peripheral arc. However, the contribution of the peripheral arc to the reduction of the operating-point AP was smaller than that of the neural arc.
Perspectives and Significance
Although many studies have investigated the importance of oxidative redox signaling on circulatory control, it is sometimes difficult to evaluate the relative contribution of the neural effect versus the peripheral effect in determining AP. In the present study, we tried to compare the neural and peripheral effects of intravenous tempol by using a baroreflex equilibrium diagram in SHR. By separating the neural and peripheral arcs, we may identify a preferred target for treatment of hypertension. If the neural effect is dominant, the treatment should be targeted to the correction of autonomic nervous activity. If the peripheral effect is dominant, the treatment should be targeted toward the vasculature. The present experimental setting has the potential drawback that the surgical procedure itself might cause oxidative stress, and the quality and degree of the stress might not be the same for WKY and SHR. Notwithstanding Table 2 for  details. this drawback, comparing the neural and peripheral effects of a given intervention in animal models of hypertension is important to fully understand the mechanism involved and aid in selecting a suitable treatment strategy.
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